Objective: We describe the use of fractionated stereotactic radiotherapy (FSRT) for the treatment of large, invasive, nonfunctioning pituitary adenomas (NFPAs). FSRT is frequently employed for the treatment of residual or recurrent pituitary adenomas. Patients and methods: Sixty-eight patients with a large residual or recurrent NFPAs were treated between April 2004 and December 2012, including 39 males and 29 females (median age 51 years). Visual defects were present in 34 patients, consisting of visual field defects (nZ31) and/or reduced visual acuity (nZ12). Forty-five patients had evidence of partial or total hypopituitarism before FSRT. For most of the patients, the treatment was delivered through 5-10 noncoplanar conformal fixed fields using a 6-MV linear accelerator to a dose of 45 Gy in 25 fractions. Results: At a median follow-up of 75 months (range 12-120 months), the 5-and 10-year actuarial local control were 97 and 91%, respectively, and overall survival 97 and 93%, respectively. Forty-nine patients had a tumor reduction, 16 remained stable, and three progressed. The relative tumor volume reduction measured using three-dimensional (3D) magnetic resonance imaging (MRI) was 47%. The treatment was well tolerated with minimal acute toxicity. Eighteen patients developed partial or complete hypopituitarism. The actuarial incidence of new anterior pituitary deficits was 40% at 5 years and 72% at 10 years. No other radiation-induced complications occurred. Conclusions: Our results suggest that FSRT is an effective treatment for large or giant pituitary adenomas with low toxicity.
Introduction
Surgery is the treatment of choice in the management of nonfunctioning pituitary adenomas (NFPAs) (1); however, in case of large and/or invasive pituitary adenomas, their removal by using either transsphenoidal or transcranial approaches is technically challenging, and a significant proportion of NFPAs will regrow, requiring further treatments (2, 3) . radiotherapy (FSRT) at doses of [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] Gy delivered in [25] [26] [27] [28] [29] [30] daily fractions are effective treatment options for patients with a residual or progressive pituitary adenoma with a reported 5-year local control in the region of 80-95% (4) .
SRS is a convenient treatment for patients with either secreting or nonfunctioning pituitary tumors. However, caution should be used in treating patients with moderateor large-sized lesions (O3 cm in size) of the skull base in close proximity to critical structures, such as the optic chiasm and brainstem for the risk of long-term radiationinduced toxicity (5) . For such patients, FSRT may be a safer treatment option because of the radiobiological advantages of dose fractionation in reducing the risk of long-term toxicity. Studies of FSRT including either nonfunctioning or secreting pituitary adenomas of any size have shown tumor local control of more than 90% at 5 years (4), although most published work includes only a few patients with lesions larger than 3-4 cm.
We report our experience with postoperative FSRT in patients with large and invasive NFPAs. Long-term clinical outcomes and volumetric magnetic resonance imaging (MRI) analysis of tumor response were evaluated.
Patients and methods

Patients
Between April 2004 and December 2012, 156 patients with a diagnosis of a pituitary adenoma were treated in the Unit of Radiation Oncology at Sant' Andrea Hospital, University of Rome Sapienza. Ninety-five patients had an NFPA and 61 patients a secreting adenoma. Among patients with an NFPA, 27 were excluded because of tumor size (%3 cm) or a different type of radiation treatment (single-fraction or multi-fraction SRS). Finally, we have analyzed 68 patients with an NFPA O3 cm in size as determined by MRI at the time of FSRT. All patients underwent physical examination, formal assessment of visual fields, and measurement of visual acuity. The diagnosis of pituitary hormone deficiency before FSRT and during the subsequent follow-up was based on the measurement of basal hormone levels and dynamic testing performed in different hospital laboratories using commercial immune assays for analysis. Central hypothyroidism was defined as a low free-thyroxine value with a normal level of thyroid-stimulating hormone (TSH). Corticotrophic deficiency was defined as baseline cortisol !100 nmol/l or cortisol !500 nmol/l following a standard dose adrenocorticotropic hormone (ACTH) stimulation testing (250 mg Synacthen i.v.). Gonadotrophin deficiency in males was defined as low testosterone serum concentration (!10 nmol/l) in combination with inadequate low gonadotropins (luteinizing hormone (LH), folliclestimulating hormone (FSH)). In females, gonadotrophin deficiency was defined as amenorrhea with a low estradiol level and gonadotrophins within the normal range, or a low estradiol with premenopausal gonadotrophins in post-menopausal women. Growth hormone (GH) deficiency was defined as low age-adjusted insulin-like growth factor 1 (IGF1) level and/or GH peak following the GH-releasing hormone (GHRH)/arginine test adjusted for BMI. Patients' data were obtained from a prospectively maintained database of patients with brain tumors treated with brain stereotactic irradiation at our institution.
FSRT treatment
All tumors were treated with FSRT using a dose of 45-50.4 Gy in 25-28 daily fractions of 1.8 Gy. The characteristics of the system and the technique has been previously described (6) . Patient immobilization was achieved by using a commercially available head mask fixation system (Brainlab AG, Feldkirchen, Germany), together with a mouth bite positioned against the upper dentition and attached to the stereotactic frame. The target volumes were identified using fused computerized tomography (CT) and MRI scans performed at the time of FSRT. The gross tumor volume (GTV) was delineated as a contrast-enhancing tumor demonstrated on three-dimensional (3D) postcontrast T1-weighted magnetization-prepared rapid gradient-echo images (MP-RAGE) or postcontrast T1-weighted fatsuppressed images with 1 mm slice reconstruction and 0.5 mm axial pixel resolution. The clinical target volume (CTV) was equal to the GTV. The planning target volume (PTV) was generated by the geometric expansion of GTV plus 2 (nZ43) or 3 (nZ25) mm. Lenses, eyes, optic nerves, optic chiasm, brainstem, temporal lobes, hippocampi, and cochleae were contoured. An example of treatment planning is represented in Fig. 1 . Treatment volumes were achieved with 5-10 noncoplanar conformal beams by using a BrainLab m3 micromultileaf collimator attached to a Varian Clinac 600 DBX. Doses were prescribed to the 85-95% isodose line normalized to the maximum dose to ensure coverage of at least 95% of the PTV with the prescription dose.
Follow-up and data analysis vision was assessed through serial ophthalmological examinations with visual field testing. An MRI scan was performed 3 months after the end of FSRT and thereafter annually. Tumor control was defined by the absence of radiological progression of the adenoma. Complete response was defined as 'complete disappearance' of the adenoma, 'partial response' was defined as any tumor shrinkage, 'stable disease' was defined as no tumor shrinkage, and 'progression' was defined as any tumor growth. Changes in tumor volume over time were calculated using 3D volumetric assessment with a BrainLab Brainscan (version 3.2) or iPlan (version 4.1) treatment planning system workstation and were evaluated after fusion of pre-treatment and posttreatment MRI scans.
Tumor control and overall survival were estimated using the Kaplan-Meier method calculated from the start of FSRT. Changes in tumor volume over time were assessed by the nonparametric Wilcoxon signed-rank test.
Results
Patients and tumor characteristics are summarized in Table 1 . Based on pre-FSRT MRI scan, 51 patients had an NFPA of 3-4 cm in size, and 17 patients had an adenoma O4 cm. The lesions were extended to one or both cavernous sinuses in 19 and 49 cases respectively. Forty-nine patients received FSRT after surgery, and the other 19 patients had FSRT for tumor progression. Forty-two patients had more than one surgical intervention. Vision was impaired in 34 patients, consisting of visual field defects (nZ31) and/or reduced visual acuity (nZ12). A partial or complete hypopituitarism before FSRT was present in 18 and 27 patients respectively. The median GTV was 22.6 cm 3 (range 11.1-52.2 cm 3 ), and the median PTV was 33.2 cm 3 (range 20.3-82.7 cm 3 ). All tumors had the pituitary gland and the optic chiasm, at least in part, included in the PTV. The mean hippocampus volume was 3.1G0.65 cm 3 . The average mean doses to the left hippocampus, right hippocampus, and bilateral hippocampi were 10. Figure 1H shows a 3D cranial view of the PTV (red), the organs at risk (brainstem, yellow; right hippocampus, purple; left hippocampus, green), and beam entrance positions. 
Tumor control and survival
From April 2004 to December 2012, 68 patients with residual or recurrent NFPA O3 cm in size were treated with FSRT. With a median follow-up of 75 months (range from 12 to 120 months), the 5-and 10-year local control rates were 97 and 91% respectively ( Fig. 2 ). Three patients had an increase in tumor size after FSRT. One patient with a silent corticotroph adenoma progressed 72 months after FSRT and received six cycles of chemotherapy with the alkylating agent temozolomide; the tumor was stable at the last follow-up (May 2014). The other two patients had salvage transcranial surgery 36 and 84 months, respectively, after FSRT. One patient had no further progression, and one patient died a few days postoperatively. One additional patient died during follow-up for causes considered unrelated to their pituitary tumor or the radiation treatment (lung cancer). The 5-and 10-year overall survival rates were 97 and 93%, respectively, and disease-specific survival was 97%.
Volumetric assessment
The median tumor volume of all the adenomas before FSRT was 22.6 cm 3 (range 11.1-52.2 cm 3 ). With a median radiological follow-up of 72 months, the median absolute and relative volume reductions were 10.8 ml (range 0-21.5 ml) and 47% (range 0-100%) respectively. Volume changes over time are shown in Fig. 3 . Compared with pre-treatment volumes, the median relative tumor shrinkages were 0.8 ml (PZ0.04), 3.1 ml (PZ0.01), 6.6 ml (PZ0.0001), and 9.7 ml (PZ0.0001) at 1, 3, 5, and 7 years after FSRT respectively. The largest volume reduction, as compared with the pre-treatment volume, was observed between 60 and 84 months after FSRT. Fourteen patients had a transient enlargement of their tumor at 3 months. Subsequent follow-up revealed a tumor volume reduction in all of these patients (median reduction 44%). An example of transient tumor enlargement is shown in Fig. 4 . Overall, there was a reduction in the size of the tumors of 49 patients, no change in 16 patients, and progression in three patients. In two patients who had tumor progression, the tumor volume increased after an initial shrinkage ( Fig. 5 ). No factors correlated with tumor response, including tumor volume, sex, timing of FSRT, or age.
Vision
Thirty-four patients had impaired vision before FSRT. After radiation treatment, visual fields and visual acuity improved in 11 and two patients respectively. Visual improvement occurred in seven patients who received postoperative FSRT (median time to FSRT 3 months, range 1-4 months) and in six patients who were treated for recurrent tumors presenting with visual impairment. Two patients had mild 6th nerve palsy and two patients had mild visual field deterioration during or immediately after FSRT, which were promptly resolved with corticosteroids. Two patients developed visual defects as a result of tumor 
Toxicity
The most common transient effect of FSRT was the development of localized alopecia at the beam entrance, occurring in about 90% of patients. Fatigue occurred in 16 (24%) patients, lasting for up to 6-8 weeks after FSRT. Headache, nausea, and alteration of taste occurred in five, three, and four patients respectively. Hypopituitarism was the most common long-term side effect of pituitary irradiation. Before FSRT, pituitary function was normal in 23 patients and impaired in 45 patients, as result of a complete (nZ27) or a partial hypopituitarism (nZ18). Specific abnormalities consisted of GH deficiency (nZ45), TSH deficiency (nZ29), ACTH deficiency (nZ24), and hypogonadotropic hypogonadism (nZ36). A worsening of a pre-existing partial hypopituitarism or the development of new hormonal deficits occurred in eight and ten patients, respectively, requiring new hormone replacement therapy with GH (nZ10), gonadal steroids (nZ9), thyroxine (nZ11), and hydrocortisone (nZ9). The actuarial incidence of new anterior pituitary deficits was 40% at 5 years and 72% at 10 years. No correlation was found between the treated volume and the development of hypopituitarism. No clinically apparent neurocognitive dysfunctions or other possible radiation-induced toxicities (i.e., cerebrovascular accidents or second tumors) have been observed during the follow-up. Posttreatment follow-up demonstrated no detectable MRI signal-intensity abnormalities of the hippocampal and parahippocampal cortex, amygdala, or uncus.
Discussion
Despite improvements in neurosurgical techniques, the treatment of large invasive pituitary adenomas remains challenging. A transsphenoidal approach using either endoscopic or microsurgical techniques results in a gross total resection in more than 50% of patients with large pituitary adenomas, with a relatively low rate of postoperative complications and no mortality (7, 8, 9) . A transcranial approach may represent an effective treatment for large tumors with extensive suprasellar extension that is associated with a subtotal removal in up to 75% of tumors and an improvement of vision in more than half patients (10, 11, 12) ; however, major morbidity (e.g., cranial nerves deficits, hypothalamic and vascular injuries, and CSF leakages) and mortality have been reported in 18-25 and 2.7-4.4% of patients respectively.
SRS and FSRT are frequently employed in patients with progressive disease or residual tumors after incomplete resection. In our series, all patients who received FSRT had an invasive residual or progressive tumor O3 cm. At a median follow-up of 75 months, the 5-and 10-year local control were 97 and 91%, respectively, and overall survival , the actuarial local control was 98% at 5 years (15), and similar results have been observed by others (16, 17, 18, 19, 20) . Our results from this study confirm that FSRT is an effective treatment for patients with large or giant NFPAs, with a tumor control comparable with that reported after conventional external beam radiotherapy.
Most patients in our study were treated using microscopic or endoscopic transsphenoidal surgery followed by postoperative FSRT. The goal of combining less invasive surgical approaches and irradiation for large and invasive skull base tumors is to provide high longterm tumor control, possibly reducing the risk related to more aggressive surgical approaches. The 3% tumor recurrence rate observed at 5 years in the current study is consistent with or even better than that reported after complete excision of pituitary tumors (21, 22, 23) and supports a multimodal treatment strategy for patients with large and invasive pituitary tumors, especially in patients for whom attempting to achieve a gross total resection of their tumors carries significant risk of morbidity and mortality.
SRS at doses of [13] [14] [15] [16] Gy is an effective treatment for NFPAs with a tumor control O90% at 5 years (24) . It is an advantageous treatment option for patients with a pituitary adenoma in terms of convenience and comfort; however, single large doses may be associated with an increased risk for neurologic morbidity from radiation necrosis. The reported incidence of radiation-induced optic neuropathy after SRS is w2% for doses of 8-12 Gy and increases to O10% for doses of [12] [13] [14] [15] 26, 27, 28, 29, 30) . In a recent study of 133 patients with pituitary adenomas having SRS, Pollock et al. (30) have observed no radiationinduced optic neuropathy when doses of 10-and 12-Gy were given to median volumes of optic chiasm of 1.6 (0.5-5.3) mm 3 and 0.1 (0.1-0.6) mm 3 , respectively, estimating a chance of developing a radiation-induced optic neuropathy of 0-4.7 and 0-13.9%, respectively. In contrast, FSRT doses %50 Gy administered to the chiasm carry a 'near zero' risk of optic neuropathy, and the risk remains 'rare' for doses %55 Gy (5) . These results indicate that FSRT should be considered preferentially over SRS for patients with large tumors abutting or compressing the optic pathway, as was the case for the patients treated in this study.
SRS delivered in 2-5 fractions for tumors involving the optic apparatus has been advocated as an alternative treatment for tumors that are not suitable for singlefraction SRS (31, 32) . Using doses of 18-24 Gy delivered in 2-5 sessions with Cyberknife, Adler et al. (31) reported high rates of tumor control and preservation of visual function in a small group of patients with pituitary adenomas within 2 mm of the optic apparatus, and similar results have been shown by others (32, 33) . Interestingly, in a series of 30 patients with brain metastases treated with 5!5 Gy SRS, no radiation-induced optic neuropathy was reported when doses of 25 Gy or higher were administered to less than one-third of the optic chiasm (34) . Although these data are of some reassurance, a larger series with a longer follow-up period is needed to confirm the efficacy of these hypofractionated treatment schedules in terms of tumor control and the risk of radiation-related adverse effects as compared with single-fraction SRS and FSRT.
Using a dose of 45 Gy in 1.8 daily fractions, 16 tumors remained stable, 49 decreased, and three progressed. Volumetric assessment using 3D-MRI showed a significant relative reduction of tumor volume 3 years after FSRT, and the reduction continued over time. Kopp et al. (35) assessed changes in tumor volume using 3D-MRI in 16 patients with a NFPAs treated with FSRT at doses of 45.0-50.4 Gy delivered in 28-28 daily fractions. With a median follow-up of 63 months, they found that all patients presented tumor shrinkage; the mean relative tumor volumes were 26, 47, and 62% at %36, 36-72, and O72 months after FSRT, respectively. In a series of 42 patients with NFPAs who received FSRT with a median dose of 50.4 Gy given in 28 fractions, Milker-Zabel et al. (16) reported no changes in the tumors in 28 patients and tumor reduction in 14 patients, based on CT or MRI analyses, after an average of 13 months. In another series of 68 patients with NFPAs treated with FSRT using 50.4 Gy in 28 fractions, Paek et al. (18) found that tumors were reduced in size in 26 patients and were unchanged in 41 patients. These data suggest that FSRT doses of 45-50.4 Gy may be administered to NFPAs achieving tumor control similar to that reported following higher doses (13, 16) , possibly decreasing the incidence of late-stage complications.
The major concern regarding the use of fractionated radiotherapy is the development of late-stage effects. Hypopituitarism represents the most commonly reported late-stage complication of RT, occurring in 30-60% of irradiated patients (36, 37, 38) . In addition, lower but significant incidences of visual defects, cerebrovascular accidents, and second tumors have been reported (39, 40, 41) . In the present series, the new development or worsening of hypopituitarism occurred in 40% of patients with normal pituitary function or partial hypopituitarism previously. No other complications, such as the development of second tumors, radionecrosis, cranial nerve deficits, and optic neuropathy, or cognitive decline have been observed during follow-up. Minimizing the radiation dose to the normal brain tissue through FSRT has the potential of reducing, but not eliminating, the risks of developing such complications.
There is still a considerable debate about the effect of radiation on neurocognitive function. Several authors have reported a correlation between cognitive decline and doses to the temporal lobe (42, 43, 44, 45) , and these changes are thought to be related to hippocampal damage (46) . Gondi et al. (47) demonstrated that biologically equivalent doses in 2-Gy fractions (EQD2) delivered to 40% of the bilateral hippocampi (D40%) O7.3 Gy (assuming an a/b ratio of 2 Gy) were associated with long-term impairment in list-learning delayed verbal recall in 18 patients receiving FSRT for benign brain tumors. In contrast, Brummelman et al. (48) found no significant differences in cognitive performance among 30 patients who received radiotherapy for NFPA when mean doses up to 15.2 Gy were given to 50% of the hippocampal volume. Delivering a mean dose of 10 Gy to the bilateral hippocampi, we observed no clinically apparent neurocognitive deterioration over time; however, the lack of formal neurocognitive testing and the relatively short follow-up do not allow a definitive conclusion to be drawn. While a significant reduction in dose to the hippocampi is feasible with FSRT and may represent an effective therapeutic strategy to prevent radiation-induced neurocognitive decline, the exact doseresponse relationship for neurocognitive impairment remains to be elucidated.
In conclusion, FSRT achieves effective control of tumor growth in large and invasive NFPAs. Postoperative tumor shrinkage assessed by 3D volumetric MRI indicated that the majority of tumors shrink after FSRT, with tumor reduction that continues with time. Hypopituitarism represents the most common late morbidity, whereas other late complications rarely occur. Advantages of reducing the volume of normal brain irradiated at high doses with the use of stereotactic techniques with regard to neurocognitive function and other radiation-induced toxicities need to be assessed in future studies.
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